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EXECUTIVE SUMMARY

In accordance with our contract with Geotechnical Engineers
Inc., Winchester, Massachusetts, Boston Survey Consultants
(BSC) has prepared this pre-analysis of the Proposed Moni-
toring Sueveys for the Ball Mountain Dam, Vermont.

The nature of the dam and the natural topography is such
that the implementation of a classical geodetic framework
is not possible. Thus additional observations points must
be included in the geodetic network to:

(a) strengthen the framework and
(b) ensure adherence to the accuracy requirements

The report prepared by Dr. Adam Chrzanowski in conjunction
with Mark Rohde at the University of New Brunswick indicates
that the level of accuracy required can be attained using
the instrumentation and targetting proposed by BSC. As
with any precision measurement survey extreme care is re-
quired. The design of the measurement approach is addressed
in Section 4 and recommendations as to observing method-
ology have been suggested in order to attain the required
accuracy.

The BSC Group '




REPORT
PRE-ANALYSIS OF PROPOSED MONITORING SURVEYS FOR
THE BALL MOUNTAIN DAM ON THE WEST RIVER, VERMONT

Prepared for The BSC Group by
Dr. A. Chrzanowski, P.Eng., J. Secord and M. Rohde

1. INTRODUCTION
According to the letter of 25 November 1985; the following scope of

services was requested:

1.

Review topographic plans and photographs of the project site in
order to determine preliminary location of the geodetic network.
In addition, if deemed necessary, a site visit should be
undertaken.

Perform a pre-analysis of the network to determine changes required
in the network design to meet required accufacies, to predict
probable accuracies based on the proposed instrumentation and to
develop an observational methodology to achieve the required

accuracies, ) .

The topographic plans and photographs were supplied by Mr. Mark

Rohde who had already visited the site under the employment of BSC in

August 1985. Although a visit by these consultants was deemed necessary,

the time constraint imposed by BSC for the results of the pre-analysis to

be delivered by 29 November 1985 required that only the immediately

available information could be utilized. The information consisted of:

i)

i1)

Photographs of the dam and its environs;
Proposed geodetic network overlayed on a Corps of Engineer's General
Plan of the dam at a scale 1" = 100'; ..
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iii) Proposed layout of instrumentation at a scale 1" = 50°';
iv) Survey instrumentatioﬁ to be used which consists of:
Wild T3 or T2000 theodolites,
Wild DI4L EODM instrument,
Wild traversing targets,
v) Verbal information on the proposed monumentation which would allow
(in most cases) for self-centering of the instruments and targets ;
vi) Verbal communication that the expected movement of the dam would be 3
mm per month.

2. APPROACH TO THE PRE-ANALYSIS
The pre-analysis for deformation surveys requires greater computa-

tional effort and more sophisticated procedures than for conventional
geodetic surveying.

Over the past five years a generalized method (called the UNB
Generalized Method) for the analysis of deformation surveys has been
developed in the Department of Surveying Engineering at the University of
New Brunswick which allows a versatile treatment of such surveys with
possible integration of any type of observables, not.only geodetic but also
geotechnical, such as tilt, strain and other physical measurements. This
method is described in Appendices 4 and 5, and has been applied in several
geotechnical projects such as: monitoring of dyke deformations in oil
fields in Venezuela, dam deformation studies at Mactaquac, N.B., tectonic
deformations in Peru and ground subsidence studies in coal mining areas in
Western Canada to name only a few. The generalized approach allows
. determining not only single point displacements but also more general
deformation parameters such as strain components and relative rigid body
motion. In this particular application in the pre-analysis for monitoring
the deformation .of the Ball Mountain Dam, only the detection of single

point_disp]acements on the dam structure and in the reference network was



considered. One should emphasize that in deformation studies a treatment
of reference points as fixed and errorless is incorrect, particularly in
the case of the Ball Mountain Dam where the aperture of the reference
network is small, about 400 m, and the points are close to the reservoir.

The changeable water level of the reservoir may induce ground
movements to a considerable distance from the dam structure. In addition,
the possible local movement of the survey monuments (frost action, thermal
deformations, etc.) cannot be ignored. Therefore, in the UNB Generalized
Method, after at least two campaigns of survey, the detection of unstable
points in the reference network is done first through a trend analysis and
later in the overall analysis the unstable reference points are treated as
addftjona] object points. In the course of pre-analysis one cannot predict
which of the reference points may be unstable. Therefore, a provision must
be made when designing the accuracy of the survey that the relative
positions of the reference points must be determined with, at least, the
same or better accuracy than is the tolerance for detecting the movements
of the object points.

In the UNB Generalized Method, the modelling of movement is
derived by least squares fitting of a selected displacement function to the
displacement field incorporating all the points within the network and
their associated variances and covariances. In turn, the displacement
field results from the combination of two or more campaigns of observation.
Pre-analysis and the designing for detection of movement follow the same
path, from the observation field through the displacement field to the
parameter space describing the movement. Algorithms for the analysis and
design (pre-analysis) have been developed (Chen, 1983) and implemented in

the Department (Secord, 1984) and were utilized in this design.



Since the displacement of 0.003 m in either the horizontal or the

“vertical direction is to be detected by monthly surveys, the pre-analysis

has recognized a value of + 0.003 m as a tolerance at the 0.95 level of

confidence. This tolerance imposed the limit on the detection of

;disb]acement in x, y, or z between two campaigns. Hence, into a single
fcampaign of horizontal survey (i.e. separating x, y movement), this

" tolerance becomes a standard deviation of .

+0.003
—aga7s— = + 0.0008 m

;and in the vertical (z movement only), the tolerance translates into a

standard deviation of
+ 0.003
—T—WZ— = i 0.0011 m

for positioning in a single campaign.

After examination of the above material, the consultants decided

that for the purposes of pre-analysis the geometry of the monitoring

‘network as proposed by BSC could be accepted without any major changes

except for the relocation of one reference point (point P3 on the attached

jp]an of the network) from which the targets on the dam structure should be

visible. Also one target point was added on the intake tower so that the
stability of that structure should be included in the study. As far as the
type of observables to be used in the monitoring surveys was concerned,
direction measurements with the Wild T2000 have been favoured in the pre-
analysis with only a few distances to be measured for the control of the
scale of the reference network.

The pre-analysis of the vertical movements was based on the

assumption that the vertical movements will be determined by trigonometric

height traversing by measuring zenith angles to the targets on the dam and



between all referencé pbﬁnts and by using distances and their variances
derived from the adjuétedﬂcoordinates obtained from the horizontal surveys.

Special attention has been paid to the influence of the possible
changes in atmospheric refraction between the survey campaigns. The
commonly accepted value of the coefficient of refraction k = 0.13 is valid
only for the lines oﬁ’sight passing above the ground surface at 40 metres

or higher. In the first few metres above the ground the coefficient may
reach the value of -10 or even more (Chrzanowski, 1985) with significant
seasonal changes, which mé} be the case in the project area. For instance,
if over an average distance of 200 m the value of k would change from 0 to
-2 which is quite likely, the height difference determination would Change

by 6 mm.

3. RESULTS OF THE PRE%ANALYSIS

3.1 Pre-analysis of Horizontal Movements

A preliminary pre-analysis involved several variants on the types
and number of observéb]es to be used within the given geometry of the
network. The finally accepted scheme is shown in Fig. 1 in which the 6
reference points and:28 object points (including the Tower target as an
object point) are connected by 103 directions observed from reference
stations: Pl, P2, P3, P4, and PS (only P6 being not occupied) and only 4
distances observed from station P4 as shown by heavy lines in Fig. 1.
Apparently, pre]iminany:pre-ana1ysis has shown that the variants on the
distribution (localization) of the few measured distances in the network
did not alter significantly the result of the pre-analysis. The choice of
having the deformation surveys relying mainly on direction measurements

rather than distances was made on the basis of the available
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instrumentation and their precision, ‘topography and, connected with it,

Togistics in placing retroreflectors on too many points.

Due to the very limited time allowed for the pre-analysis, only 10

object points were included in the computatidns as representative of the

likely result for all of the other points.: The approximate coordinates (x,

y, 2z) of all the analysed points were'determined from the attached plan

using a local x, y coordinate system and the contours.

The pre-analysis was done in the following steps using the UNB

software for the Generalized Method:

i)

ii)

iii)

iv)

Determination of variances and covariances of coordinates of all the
points through the propagation of accepted variances of observations
holding one point and one direction in the network fixed and
errorless (minimal constraints). One should emphasize that in the
UNB Generalized Method the choice ?of the minimal constraints is
irrelevant because the modelled moveﬁents are datum independent.
Determination of the relative error ellipses (all combinations) for a
preliminary evaluation of the detectability of relative point
movements.

Modelling of deformation, which in the case of single point movements
is very simple; for each reference point the model is dxi = 0 and
dyi = 0 with their appropriate variances and covariances and for the
object points, dxi =, and dyi = pi where a and b are to be
determined through the least squares fitting of the model to the
observed displacements. In the pre-analysis, only the variances and
covariances of the a; and bi parameters are determined.

Depiction of the error ellipses corre§ponding to the variance and
covariance of the a; and bi' for the displacements of the object
points at the 0.95 confidence level’ and their comparison with the

accepted tolerance (0.003 m in this project).
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The final pre-analysis was médé; for the following 3
different accuracies of observations:
Analysis No. l: direction measurements o = + 1"
distance measurements o =+ 5 mm + 5 ppm
Analysis No. 2: direction measurements o:= iJO.S"
distance measurements o= i;S mm + 5 ppm

Analysis No. 3: direction measurements 0.5"

Q
]
|+

distance measurements o= + 3 mm + 2 ppm

Results of steps i) and ii) above %br the three variants of the
pre-analysis are given in Appendices 1 to 3. The results of step iii) are
shown in Table 1 and the final results, the error e]]ipses of the
displacements with respect to the block of all the reference points, are
shown in Figures 2 to 4.

The final results indicate thaé if_ the displacements would be
expected to take place only in the dan- and up-stream direction, the
accuracies of the observations in Analysis No. 1 would be sufficient

because the displacements of 3 mm would extend beyond the 95% error
ellipses. However, if the detectability of the 3 mm movement would be
required in all directions, then the accuracies of observations should be,

at least, as accepted in Analysis No. 2 or even Analysis No. 3.

3.2 Pre-analysis of Vertical Movements

The pre-analysis followed the same:steps as the analysis of the
horizontal movements using approximate heights of the points as determined
from the topographic plan[ Of course, error ellipses do not apply to the
unidimensional case. The same number of zenith angles as horizontal

directions (observed simultaneously from the same stations) has been taken



Table 1. Standard Deviations of Single Point Rigid Body
Displacement Components

Point Standard deviation Standard deviation
in x component (ai) in y component (bi)
A2 + 0.0011 m +0.002l m *
: 0.0006 ~0.0010 **
0.0006 0.0010 kkk
AS 0.0010 0.0017
0.0005 0.0008
0.0005 0.0008
A9 0.0010 0.0012
0.0005 0.0006
0.0005 0.0006
B2 0.0009 0.0013
0.0004 0.0006
0.0004 0.0006
B5 0.0009 0.0020
0.0005 0.0010
0.0005 0.0010
B9 0.0011 0.0018
0.0005 0.0009
0.0005 0.0009
C2 0.0007 0.0009
0.0004 0.0005
0.0004 0.0005
CS 0.0008 0.0026
0.0004 0.0013
0.0004 0.0013
C9 0.0014 0.0025
0.0007 0.0012
Tower 0.0007 0.0022
0.0003 0.0011
0.0003 0.0011
* directions + 1.0" distances + 0.005 m + 5 ppm
** directions ¥ 0.5" distances ¥ 0.005 m * 5 ppm
*** directions ¥ 0.5" distances * 0.003 m * 2 ppm
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in the pre-analysis. Only one pre-analysis was made using ¢ = 0.7" for
zenith angles and distances derived from adjusted coordinates with
variances and covariances as obtained from the pre-analysis of the

horizontal network (analysis No. 2). In addition, errors of the

coefficient of refraction were taken as o, = * 0.5 on those lines along
which the terrain profile significantly goes downwards near the instrument
station and o = + 1 along other lines.

Table 2 lists the errors in vertical displacements at the 0.95
confidence level as obtained from the pre-analysis. As one can see the
accuracies marginally meet the tolerance limit of 3 mm. It depends, of
course, how well the atmospheric‘refraction will be known during the survey
campaigns. Since this is difficult to predict, any additional pre-analysis
with other accuraéfes of angle measurements would not be helpful. Some
recommendations for controlling the effects of refraction are given in the
next section.

4. DESIGN OF MEASUREMENTS

4.1 Horizontal Network

The design of measurements for detecting horizontal movements has

been based on pre-analysis No. 2 which calls for directions to be measured
with a standard deviation of 0.5" and distances with the standard deviation

of + 5 mm + 5 ppm. These accuracies are achievable with the equipment

available to the BSC Group, namely the electronic theodolite Wild T2000 and
DI4L EODM instrument if certain conditions are satisfied.

Based on the extensive experience of these consultants
(Chrzanowski, 1985) with the use of the T?OOO and on the error analysis of
pointing, reading, levelling and centering (Chrzanowski, 1984 and

Chrzanowski, 1977), the accuracy of 0.5" is achievable if:
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Table 2. Confidence Intervals at 0.95 for the Vertical
Displacement Component

Point Confidence Interval
Tower 0.99 mm
A2 2.91
A5 3.15
A9 3.06
B2 2.56
B5 3.00
B9 3.19
C2 2.28
C5 2.59
c9 3.02
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a) directions are measured in four sets (two positions of the telescope in
each set;

b) centering of the theodolite and of the targets (in the case of this
project) is done with an accuracy better than 0.3 mm;

c) levelling of the instrument, for measurements with inclination of lines
up to 50, with an accuracy better than 5" (achievable with a properly
adjusted spirit level) and for inclinations up to 20° with an accuracy
better than 1" which is achievable only when using the compensator of
the vertical circle for levelling the instrument and when relevelling
the instruments between individual sets;

d) using specially designed targets (Blachut et al., 1979);

e) shading the instrument from direct solar radiation.

Since the measurements will be performed on pillars equipped with
some kind of forced centering plates, point b) above should be easily
satisfied with properly designed targets and their mountings. Since the
BSC group decjded to use Wilq traversing targets, these consultants
strongly recommend checking all the targets (at close range) for their
centricity with respect to their axes of rotation and axes of the mounting
device. Since P6 will require centering of targets and retroreflectors on
a tripod, an additional rotatable optical plummet (available from Wild)
should be used. Otherwise, the optical plummet which is built into the
Wild tribrachs should be carefully adjusted before each campaign and the
centering of the target should be repeated between sets of angle
measurements after rotating the tribrach on the tripod by 900, each time.

Point c¢) above is extremely important in the case of steep lines
of sight. For example, an error of 5" in levelling (which is only 1/4 of

one division of the spirit level in T2000) in the direction of the trunnion
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axis will cause an error of 1.8" in direction measurement if the line of
sight is inclined 20°.  The use of the compensator of the vertical circle
may give the accuracy better than 1" in levelling the instrument. Here, a
theodolite such as Kern E2 would be more convenient because it has a double
compensator and provides automatic correction to the measured directions
due to mislevelling of the instrument.

Regarding point d) above, these consultants would recommend using

custom-made, special targets of a conical shape. They could certainly
provide better pointing accuracy than the standard Wild targets which are
not made for high precision engineering surveys. The custom-made targets
would provide an additional advantage in that they would not require their
rotation when sighting from different directions and hence decrease the

required manpower. [f the decision on the use of the Wild targets cannot
be changed, the targets will have to be carefully checked and, the results
of the first campaign, may indicate that the number of pointings will have
to be increased. .

The above specifications may prove to be either too rigorous or
too 1lax. Only an a posteriori analysis of the results of the first.
campaign will show what changes in the field procedures will be needed in
the subsequent campaigns. It depends on the experience and care of the
survey crew as well as the actual physical conditions at the time of
measurement.

The requirement of + 5 mm + 5 ppm should be satisfied by the Wild
DI4L instrument but only when the instrument is carefully calibrated prior
to the first campaign and at least once in the middle and once after

completing the project, for cyclic error, zero error and scale. Due to the

comparatively short distances involved, the pointing of the instrument is
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very critical because it may easily change the strength of the returning
signal and introduce a bias into the phase measurements. It is recommended
to take at least 15 readings of the EDM with separate electronic pointings
to the reflector before each group of 5. Though the distances are short,
use of good quality calibrated barometers and thermometers is recommended
for meteorological corrections because some pocket barometers show errors
as large as 20 mb which could introduce a significant change in scale of
the measured distances and, consequently distort the deformation analysis.
The scale calibration must be made on a calibrated baseline against

measurements with more accurate instruments such as Kern Mekometer,

Geomensor or, at least, Tellurometer -MA100. Heights of the retroreflector
on the tripod at P6 should always be measured to + 0.001 m for the distance
reductions.

Any calibration yields corrections to the instrument output that
pertain to a specific EODM instrument and retroreflector combination.
Ideally, the same combination should be.used for each campaigq, but if this
is not possible, then calibration must be done for each combination before

and after each campaign.

4.2 Design of Trigonometric Height Traversing

The vertical angle measurements, in order to achieve the 0.7"
standard deviation must follow practically the same specifications as
listed in 4.1 for horizontal directions. These would be easily met since
the T2000 provides a simultaneous measurement of the horizontal and

vertical circles. Shading of the instrument is extremely important.

Care must be taken that the heights of the theodolite and of the

targets are the same in all campaigns or measurements of these heights must
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be hadei with an accuracy better than 1 mm. This may be difficult to
achfeveion P6 where the target will be on a tripod. An auxiliary spirit
level w{th a levelling staff could be used to measure the height of the
target in each campaign.

'As it was mentioned, the possible changes in the coefficient of
refraction may cause major problems in achieving the required vertical
accdracy. Reciprocal and simultaneous measurement of the vertical angles
could decrease the refraction effect. However, this would significantly
prolong ;he survey campaign and it would require additional instrumentation
and - its adaptation (Chrzanowski, 1985). Perhaps, as another possible
remedy, these consultants recommend measuring gradients of temperature in
the vicinity (say ~ 20 m in front of the instrument) near the instrument
station along the lines of sight. The instfumentation for that purpose is
avaiaab1e at UNB. From the changes of the gradients one could easily
estihate the refraction error and even calculate approximate corrections

(Chr;anowski, 1984).

5. CONCLUSIONS AND RECOMMENDATIONS

| The main conclusion is that the required accuracy of 3 mm in
detecting the dam movement can be met with the instruments available to the
BSC group, namely the T2000 theodolite and DI4L EDM instrument. The use of
the Wild targets may cause some problems. However, the analysis of the
first éampaign will provide sufficient evidence whether the desired
accuracy can be met with these targets. If not, a redesign of the survey
in the next campaign should not be difficult. UNB will gladly assist in

the analysis of the survey.
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It is estimated that the proposed survey scheme should allow
completing one campaign in about 2 1/2 days by a survey crew of 3 if an
electronic data collector would be available for the T2000. Practically,
any microcomputer can easily be interfaced with the T2000. These
consultants successfully used the TRS80 ModeT 100 and EPSON HX20 micro-
computers. They are inexpensive ( ~ $1000 with printer and cassette
recorder). They could provide a .real-time check of the field data and even
direct comparison of the measured angles and distances with previous
campaigns. This would make the whole project run more smoothly and more
economically. UNB could develop all the necessary software.

UNB has a Kern E2 theodolite with DM502 EDM instrument (+ 3 mm + 2

~ppm) interfaced with the TRS 80 Model 100 microcomputer. The use of the

system could be made available to the project. Also one very experienced
research assistant could participate in the field surveys. As mentioned
before, UNB has instrumentation and expertise in the measurements of the
gradients of temperature. ' ) .

The UNB baseline (1.6 km long with 6 pillars and accuracy + 1 mm)
could be used for the calibration of the EDM equipment. All the software

necessary for the processing of the calibration measurements (on any

baseline) has been implemented at UNB.

The analysis of the deformation surveys could efficiently be made
using the UNB Generalized Method. The Method would allow integrating the
analysis of the geodetic surveys with the intended borehole measurements
by inc]inometersV(Chrzanowski et al., 1985). There is no other hethod
available which allows for such an integrated analysis. This would be
very valuable for geotechnical enginggrs who will be in charge of the

interpretation of the monitoring surveys.
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